Rheumatoid arthritis (RA) is a chronic and systemic inflammatory disorder. Conventional radiography, a widely available and costeffective examination method, remains the standard of reference for the detection and quantification of joint involvement in RA. Fractal dimension (FD) of the trabecular bone structure has been proven to correlate with the bone's physical properties. The present study was designed to use fractal analysis to validate radiograph changes in the hand of RA patients.
Introduction
Rheumatoid arthritis (RA) is a chronic systemic inflammatory disorder. In RA, structural damage to the joints often occurs during the first years, and early progression is associated with poor outcome. [1] In about 80% of patients, the small joints of the hand are affected, leading to the destruction of periarticular tissue. RA can affect any joint, but it is usually commonly involved in metacarpophalangeal, proximal interphalangeal, and metatarsophalangeal joints.
The radiographic features of the hand joints in the early stages of the disease are characterized by soft tissue swelling duo to synovialitis, periarticular osteoporosis, and possibly already bone erosions. [2] Plain radiographs continue to have an important role in diagnosing and following up of joint involvement in RA. Early therapeutic intervention to prevent joint destruction may improve the course of the disease, [3] so the precise evaluation of joint involvement at its onset is warranted for monitoring and guiding treatment.
The findings of plain radiography, the gold standard for analyzing joint destruction, are normal in the majority of patients at the time of diagnosis, and radiographic changes are often delayed by up to 12 months after the onset of RA. [4] Because periarticular osteoporosis in RA is also the first disease-related morphological sign in plain radiographs before erosions and joint space narrowing occur, it has been proposed that assessment of periarticular osteoporosis could be useful in the early diagnosis of RA and that it could be efficient for predicting the progression of disease. The disadvantage of conventional radiography is its limited sensitivity in detecting early joint space narrowing and periarticular osteoporosis, the latter of which is highly prevalent in metacarpal bones, [5] and, generally, demineralization is only very imprecisely verified using radiographs at a reduction of 35%.
Radiographic assessment of progression is accomplished by scoring bone and soft tissue changes at each joint and using the methods of either Larsen et al [6] or Sharp et al. [7] These methods, as well as their subsequent modifications, are semiquantitative.
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The disadvantages of these methods are limitations including the assumption that changes in radiographic features are linear and constant during the course of the disease and that the relationship between these features is constant.
Fractal dimension (FD) of the trabecular bone structure has been proven to have evident correlation with the physical property of the bone. [8] Bone structural value (BSV) is a critical parameter for the assessment and analysis of bone microarchitecture. BSV delivers information about bone status by means of a texture analysis over the FD of the high-resolution radiograph. The present study was designed to use the fractal analysis technique to validate radiograph changes in the metacarpophalangeal (MCP) finger joints (I-III), which are the joints that are primarily involved in RA's course.
Methods

Patients
This study retrospectively evaluated the hand radiographs of 108 subjects. Fifty-four patients suffered from RA, of whom 18 were men and 36 were women (age range: 25-90 years; mean age ± standard deviation, 63 ± 13 years). All RA patients fulfilled the 1987 American College of Rheumatology (ACR) revised criteria for RA. The hand radiographs of 54 age-and sex-matched healthy patients, 18 men and 36 women, were used for the control group (CG). These patients had an age range of 23 to 88 years (mean age ± standard deviation = 55 ± 22 years).
Clinical data of RA patients were retrieved from patients' records, including age, gender, disease duration, presence of rheumatoid factor (RF) and anti-cyclic citrullinated peptide (anti-CCP) antibodies, presence of bone erosions, disease activity at the time of radiographic assessment, and radiographic assessment with Steinbrocker Staging System (SBS) ( Table 1) . [9] The local ethics committee approved the study and informed consent was not necessary.
Bone texture analysis
High-resolution x-ray images of the hands of 54 patients and 54 controls were used in the study. The selectable measurement region (ROI) has been placed on the area to be examined. In order to standardize the measurement technique, ROI was chosen in the proximal and distal subchondral region of the first, second, and third metacarpophalangeal joints (Fig. 1 ). The region of interest is about 65 mm 2 . The algorithm evaluates, by pixel line, the change in gray values, calculating the BSV over the FD using the Brownian motion. The FD is a two-dimensional construct and also contains information on the third dimension. The results for all lines are averaged for each ROI field. The change in the gray values in the horizontal and vertical directions delivers information on the entropy and self-similarity, thus describing the quality of the bone microarchitecture. Every selected region delivers a value between 0 (completely chaotic structure) and 1 (perfect self-similarity). Therefore, this method evaluates the entropy status of the bone.
The position of the ROI depends on that of the 2 points selected by the operator. The selection of the ROIs was done according to anatomical landmarks to be reproducible. The parameter given by the i3A software (Version 2.0, BRAINCON Technologies, Vienna, Austria) for each ROI is BSV. BSV is a critical parameter for the assessment and analysis of bone microarchitecture. BSV delivers information about bone status by means of a texture analysis over the FD of the high-resolution radiograph. Table 1 Mean BSV and standard deviation values of ROI1 to 12 in Control group, seronegative, seropositive RA and RA patients. Zandieh
Statistical analysis
The data obtained from the patients were recorded in a Microsoft Excel file, and the statistical analysis was conducted using SPSS (Version 23, IBM, USA). Spearman correlation coefficients were calculated between BSV, RF, and SFS. For quantitative analysis, we performed ANOVA tests to assess the differences in the BSV values of the patients with RA and those of the CG. The Bonferroni correction was used to correct for multiple comparisons. Probability values of less than 0.05 were considered significant.
Results
Twenty-four patients (44%) were both anti-CCP positive and RF positive. Two patients (4%) were anti-CCP negative. Twentyeight patients (52%) were anti-CCP and RF negative. According to Steinbrocker's staging classification, 26 patients (48%) with RA had advanced stage (stage 3 and stage 4) RA and 28 patients (52%) had stages 0, 1, and 2. BSV measurements were obtained from patients with seropositive RA, seronegative RA, and also from the CG ( Table 2 ). The BSV calculated for the ROIs showed a significant difference in ROI5, ROI6, and ROI11 in RA patients compared with the CG (P < 0.05). No significant differences were found in the other ROIs in RA patients compared with the CG.
The multiple regression analysis found a significant correlation between the BSV of ROI11 and SBS in seronegative RA patients (R = 0.58 (post hoc test (Bonferroni) P < 0.001)) (Fig. 2) .
The multiple regression analysis confirmed the presence of a significant correlation between anti-CCP and ROI4, RO5 and RO6 in seropositive RA patients. A significant correlation was found between anti-CCP and ROI9 (Fig. 3 ) and ROI12 in seropositive RA patients (R = 0.88 (post hoc test (Bonferroni) P < 0.001)). A significant correlation was observed between anti-CCP and sex in seropositive RA patients (R = 0.88 (post hoc test (Bonferroni) P < 0.001)).
A significant correlation was found between ROI2 and SBS in seropositive RA patients.
The multiple regression analysis confirmed the presence of a significant correlation between SBS and age and sex in seropositive RA patients (R = 0.83 (post hoc test (Bonferroni) P < 0.001)).
No correlation was found between SBS and RF in seropositive RA patients.
The multiple regression analysis showed that the disease duration may have contributed to the BSV value of ROI3 and ROI9 (R = 0.42 (post hoc test (Bonferroni) P < 0.001)) in both RA groups (Fig. 4) .
Discussion
Rheumatoid arthritis is characterized by the inflammation and damage of the synovial membrane, cartilage, and subchondral bone of the joints, leading to loss of joint space and functionality. Periarticular osteopenia is an early and common feature of RA and could be the first disease associated morphological change. Deal reported the inflammation in the bone marrow compartment as a cause of periarticular osteopenia. [10] Accurate identification and standardized quantification may therefore be essential to improve clinical intervention and assess the response to treatment.
FD is a sensitive method of image texture analysis, which can predict the quality of trabecular bone from radiographs with low radiation exposure. [8] Differences in FD have previously been observed between groups having normal and abnormal trabecular bones. De Molon et al [11] evaluated for the first time the pattern of bone remodeling in sinus lifting in human biopsies using autogenous bone graft by means of FD and histological analysis. Zeytino glu et al [12] Table 2 Clinical and demographic characteristics of the subjects. anti-CCP = anti-cyclic citrullinated peptide, RA = rheumatoid arthritis, SBS = Steinbrocker Staging System. reported that trabecular bone around successful dental implants exhibits lower FD values 6 months after prosthodontic loading and displays stable bony microstructure at the 12-month followup point. Bianciardi et al [13] found that parameters based on a combination of ultrasonic examination and fractal analysis on radiographic images may add useful structural information regarding the patient's skeleton using noninvasive procedures. Koh et al evaluated in his study the trabecular pattern on panoramic radiographs to predict age-related osteoporosis in postmenopausal women. He showed that the lower premolar region was the most appropriate site for evaluating the FD value. [14] BSV contains information on bone status by means of a texture analysis over the FD.
Group
The study presents an analysis of the BSV of the subchondral region of bone in MCP I-III in patients with seropositive and seronegative RA. We sought to assess the feasibility of this method as well as find correlations between the clinical findings and the BSV. The results indicated that the BSV of the patients with seropositive and seronegative RA of the finger joint are significantly different from that of the CG in certain ROI. Our results suggest a significant correlation between the BSV of the subchondral region in seronegative RA patients, in SBS and ROI11. We found a correlation between the anti-CCP and age and sex in patients with seropositive RA.
In the ROI4, 5, 6, 9, and 12, the BSV of seropositive RA patients was significantly correlated with anti-CCP values. These results were consistent with the study done by Glasnovic et al. They reported a correlation between variables representing anti-CCP and radiological changes degree after the Steinbrocker score. [15] Additionally, a significant correlation between ROI2 and SBS was obtained in seropositive patients in our study. The study's limitation was that not all the hand joints were analyzed. Further, the processus styloideus ulnae region could not be evaluated as a very small ROI was needed. This study has demonstrated that the bone textural image analysis technique can be used to quantify the radiographic changes in RA hands, based on comparisons of FD between a reference CG and an RA group. Because this is the first study evaluating the effectiveness of FD in determining changes in the finger joints in patients with RA in this manner, it is not possible to compare the study's results directly with previous scientific literature. However, given further study, this method could eventually help to improve clinical management, and to assess responses to therapy in patients with seropositive and seronegative RA.
Conclusion
We investigated the fractal analysis technique to validate radiograph changes in the metacarpophalangeal (MCP) finger joints (I-III). These are the joints that are primarily involved in the RA course. In our study, the BSV calculated for ROI showed a significant difference in ROI5, ROI6, and ROI11 in patients with RA, in comparison to the CG. Based on FD comparisons between a reference CG and an RA group, this study demonstrates that the technique can be used to quantify the radiographic changes in RA hands.
